Summary 1) Chemoreception was investigated of the receptor end organ On the flank skin in several fresh water and sea water bony fish by recording the electrical responses in single fibers of the lateral-line nerve (X) and of the accessory lateral-line nerve (VII). Three species of fish, catfish (Ictalurus), mullet (Mugil) and carp (Cyprinus) were studied extensively.
ones and several others as well.
Some fibers were very sensitive to NH4+, or specifically to quinine or glutamate. None of them responded to sugar.
5) Histological studies have disclosed that (a) the catfish has various types of end organs innervated by the lateral line nerve and the accessory lateral-line nerve on the flank skin; canal neuromasts, large and small pit organs and many terminal buds.
(b) The mullet has 12 or 13 rows of the lateral-line organs on the flank skin. The scale along each lateral-line has a groove at its central part and a single neuromast is located in it. Through a small hole a few lateral-line nerve fibers reach to the end organ. Each groove is discrete and independent so that there is no lateral-line canal. From such structure of the lateral-line system the end organs in grooves are thought to be free neuromasts.
(c) On the flank skin of the carp there are free neuromasts and terminal buds as well as canal neuromasts. The terminal buds, however, are not as numerous as in the catfish.
Behaviorists have demonstrated that many species of teleosts are responsive to chemical stimuli not only in the mouth, pharynx and gill cavity but also over the entire surface of the body including the barbels and fins. PARKER (1912) found that the behavioral responses to chemical stimuli on the flank skin of Ameiurus no longer occurred after cutting the branch of the accessory lateral-line nerve(VII) that was considered to innervate the receptors there (HASLER, 1957) . Based on these behavioral studies it is generally believed that the integument of most bony fishes may have specific receptors responsive to stimulation by mildly irritating chemical substances (BARDACH, 1967; HASLER, 1957 ; TEICHMAN, 1962) . The chemical sense of the body surface has been referred to as the common chemical sense and attributed even to free nerve endings in the epidermis (BEIDLER, 1965; WHITEAR, 1952) . Until now there has been no conclusive determination as to specific types of receptors, if any other than taste buds, responsive to chemical stimulation of the skin. On the other hand, very limited electrophysiological studies on the chemical sense have been carried out on fish. The gustatory sensation of the palatal organ of the carp was studied by KONISHI (1961; 1963 ; 1966a, b; 1967 a, b; and that of the fin or barbel of a few species of marine and fresh water fishes was explored by BARDACH (1966; and TATEDA (1964) .
The palatal organ was considered to be a gustatory organ because of many taste buds observed there by Weber in 1827 (HERRICK, 1903a) . Similar receptors responsive to chemical stimulation on the body surface have been called terminal buds, although there have been conflicting interpretations regarding their function in the older literature (Weber, Leydig, Schultze, Merkel, Herrick and others) (HERRICK, 1903a, b) . The structural distinction between the terminal bud and the neuromast of the lateral-line system is based on the arrangement of the sensory and supporting cells. In the terminal bud, as in the taste bud, both the sensory and supporting cells extend from the basement membrane to the distal or free surface of the epithelial membrane while in the neuromast the sensory cells extend over only part of the way from the free surface through the epithelial membrane and fail to reach the basement membrane (HERRICK, 1901; HERRICK, 1903a, b) . Studies with the electron microscope have further disclosed structural differences between the sensory cells of the neuromast and the taste bud (FLOCK, 1966; HAMA, 1965; IWAI, 1967) . In the neuromast, the hairlike process is composed of stereocilia and a single kinocilium; in the taste bud and terminal bud such differentiation is not present and all hairlike processes are composed of numerous microvilli (HAMA, 1965; SZABO, 1965; UGA and HAMA, 1967) .
Contrary to the commonly accepted view of the chemical sense over the general body surface, Katsuki and others reported responses from shark pit organs to chemical stimulation. This was done by recording from single lateral-line nerve fibers innervating neuromasts of pit organs on the flank skin of sharks KATSUKI et al., 1970) . HAMA and YAMADA (in preparation) confirmed electron-microscopically the ciliary structure of the hairlike process in these sensory cells. In a preliminary study (KATSUKI and HASHIMOTO, 1969) similar responses in the lateral-line, system to chemical stimulation of the body surface in several species of teleosts have also been reported. The purpose of this paper is to present the results obtained on responses of the lateral-line system to chemical stimulation in more detail.
MATERIALS AND METHODS
Marine, fresh water, and euryhaline fish were used in the experiments. Two moray eels (Gymnothorax) represented the marine form; ten carp (Cyprinus) and ten catfish (Ictalurus) represented the fresh water form; eighteen mullets (Mugil) and nine cichlids (Tilapia) represented euryhaline fishes. All these fishes were obtainable in Hawaii. In addition, the Japanese eel (Anguilla), the conger eel (Astroconger), the carp and some other forms were examined in Tokyo.
The experimental approach was as uniform as possible in all the fish, considering the variety of fishes involved. First, the fish was anesthetized with MS 222 (0.03-0.05g/liter) and then affixed to a board with the fish body out of water, but covered as much as possible with wet gauze kept moistened by salt or fresh water. The gills were irrigated with aerated water through a mouthpiece and the amount of water delivered was carefully controlled. When the volume of water was not properly controlled, the experiment was unsuccessful. Each fish required different amount of water depending on the species, the size and especially the habit of the fish. With proper control of water volume and oxygen supply the fish lay quietly on the board usually without further anesthesia, but additional MS 222 solution could be added as needed.
The lateral-line nerve was exposed near the operculum where it usually runs just beneath the skin so that a small incision readily exposed it. By using a pair of well sharpened tweezers, the distal cut end of the lateral-line nerve was separated under a binocular microscope into very small bundles of a few fibers. If necessary, such a small bundle was further divided until one or two fibers were obtained. The intactness of these fibers could be tested by recording their spontaneous electric discharges. The small nerve bundle or individual fibers were looped over a chlorinated silver wire electrode and a large Ag-AgCI indifferent electrode was.
placed against the side of the fish's wet body. The nerve fiber discharges were then displayed on the oscilloscope(Tektronix Type 565) by a conventional cathode follower and a high gain RC-coupled amplifier.
Most records were registered on a strip chart recorder through an electronic rate meter as previously reported (KATSUKI et al., 1970) . The impulse frequency of nerve discharges at a given time interval was registered on a paper by the rate meter, thus making possible observation of change in the impulse rate during experimentation. The advantage of this method is the precise computation without delay of the temporal and sequential change in the discharge rate of a single nerve fiber.
In many experiments, the accessory lateral-line nerve was also used. This. nerve may be composed of as many as three branches: the dorsal, the medial, and the ventral (FREIHOFER, 1963) . The medial branch usually ran with the lateralline nerve and the separation of these two nerves from each other was almost impossible (SZABO, 1965; TESTER and KENDALL, 1967) . The dorsal or ventral branch was more often used. Although the detailed anatomy of the accessory lateral-line nerve varied in different species, its exposure was accomplished without much trouble in each case as discussed later.
Most fibers showed spontaneous discharges and, -whenever these were observed on the oscilloscope screen, the location of the end organ innervated by the nerve fiber was searched for by stimulation of the flank skin. When the end organ was a canal neuromast, its location was easily discovered by the train of discharges. elicited by a vibratory stimulus or by a light touch with a soft brush around the receptor site. However, when the receptor was a pit organ (free neuromast), or a terminal bud, there was little or no sign of discharges in response to any vibratory stimuli on the flank skin. To discover an otherwise sensitive spot, a salt solution was applied over the skin of the body or an electric current pulse was applied to the skin through a small pair of bipolar electrodes with a tip distance of 1mm.
The end organ was considered to be a canal neuromast when a typical response pattern was elicited in response to light mechanical stimulation and almost no response following application of salt solution. When a certain potassium salt solution was applied to a site and a response was elicited to such chemical stimula-tion, then other diverse ionic solutions were presented and responses to them were registered on a paper. When marine fish were studied, the salt solutions were always kept isotonic with sea water by glucose 1.1M or sodium chloride 0.55M concentration.
Histological investigations were made for demonstration of structure and distribution of the receptors, and of their innervation. Materials for paraffin imbedding were fixed in formalin and Bouin's fluid. For tissue differentiation sections were stained with Heidenhain's iron hematoxylin and triosin; Gomori's aldehyde-fuchsin, hematoxylin and light green; Mallory's triple stain; and Bodian's protargol silver. Innervation of the receptors was studied after treatment of the integument with Gilbert's silver and Sihler's method (DAVENPORT, 1964) .
RESULTS
Preliminary studies on the catfish, the carp, the mullet, the cichlid and the moray eel gave similar results in all species (KATSUKI and HASHIMOTO, 1970) . Based on these results, the catfish (Ictalurus), mullet (Mugil), and carp (Cyprinus) were studied extensively since they were cultivated in Hawaii and readily available. Fig . 1 . The rates of increase in the discharge rate elicited by potassium and sodium were almost parallel to each other, but the effect of the potassium was always stronger.
Fig. 2.
Response pattern of a single lateral-line nerve fiber to monovalent cations . The traces show the records of the instantaneous discharge rate which were obtained by a rate meter. The applied solution caused the marked increase of the neural discharge rate. At the end of each salt application, the receptive field of the nerve fiber was rinsed with water and the applied cation was washed away . The applied salt and its concentration is shown below the respective response pattern . Material: the catfish (Ictalurus). From the left are shown the control response to 0 .069M KCl solution, the suppression by Ca ions in the applied mixed solution of 0.069M KCl and 0 .046M CaCl2, and the subsequent recovery of the potassium response . After the cessation of the salt application the receptive field of the concerned afferent fiber was thoroughly rinsed with sea water many times, but the recovery from Ca suppression took a rather long time as shown by figures on the right. Material: The mullet (Mugil) . The description of the time pattern of the response is the same as that of Fig. 2 . ORGANS OF TELEOSTS 105 In the case of the mullet, which came from the sea, the effect of the potassium ions was not very different from that observed in the fresh water fish, but that of sodium was much weaker. Concentrations of sodium ions smaller than those present in sea water produced almost no effect, while greater sodium concentrations caused little responses. Sodium chloride solutions of very high concentrations were not tested for fear of irreversible damage to the end organ.
There is thus a great difference in the effect of potassium and sodium ions. The reason for this may be an adaptation of the receptor end organ to sodium ions in the surrounding medium so that the sensory cell membranes lose sensitivity to the sodium concentration below that in the medium. In contrast to the mullet, a fresh water fish like the catfish or carp usually lives in a poor ionic medium so Fig. 4 . Effect of tetrodotoxin. The very diluted tetrodotoxin (10-7g/ml) had a suppressive effect on the receptor activity to the applied monovalent cation.
Upper: The control response to 0.069M KCl. Middle: The suppression exerted by tetrodotoxin in the mixed solution of 0.069M KCl and 10-7g/ml tetrodotoxin.
Lower: The recovery of the receptor activity at 5 minutes after the cessation of the application of the mixed solution.
Between the middle and the lower record the concerned receptor site was rinsed many times with sea water, but the recovery from the tetrodotoxin effect took about 10 minutes. that the sensory cell membranes may be very sensitive to both potassium and sodium ions.
Effects of other monovalent cations, namely, Rb+, NH4+, Cs+, Li+ were studied. As in sharks KATSUKI et al., 1970) , all these ions were found to be effective on the receptor, although the effects were a little bit weaker than K+ or Na+ (Fig. 2) . Simultaneous application of Ca++ with potassium or sodium ions to the end organ suppressed the potassium or sodium effects in teleosts as in sharks KATSUKI et al., 1970) . The recording on the extreme left in Fig. 3 shows a control response; the second one from the left in the same figure shows the suppression of the response to K+ due to simultaneous delivery of 0.046M CaCl2 solution. Two minutes after rinsing the end organ with sea water the same K+ solution was presented again and the degree of recovery of response is shown in the third tracing of Fig. 3 . Four minutes later, further recovery of response is shown in the fourth tracing of Fig. 3 . This course of suppression and recovery is similar to that observed in sharks (KATSUKI et al ., 1970) . A 10-7g/ml solution of tetrodotoxin (Sankyo) strongly suppressed the response of the end organ (receptor) to K and Na ,ions,. but after rinsing the suppressive effect subsided slowly (Fig. 4) .
The mullet is an euryhaline fish and it was thought that, when the fish was sub- The discharge rate of the neural response (impulses/sec.). Abscissa: The molar, concentration of the applied salt solution. The mullets raised in sea water were moved into fresh water, and the change of the chemosensitivity was measured.
(See text) jected to the greatly changed environmental condition by going from sea to fresh water, the receptor sensitivity to various ions might shift. As a first experiment, the sensitivity of the receptor of a mullet obtained from sea water to potassium and sodium ions was measured. The marked differences in sensitivity to those ions are shown in Fig. 5 by the curve on the extreme left (open circles) for potassium and the curve on the right for sodium (closed circles). At two to three hour intervals one fourth of fresh water was added until after twelve hours the sea water was completely replaced by fresh water. Two days later after the medium of sea water was changed to fresh water, the second experiment was performed. The movement of the fish became sluggish and the body surface was covered with thick mucus. An example of the results of the experiments on the effect of the change of medium is shown in the middle tracing of Fig. 5 , where the sensitivity to potassium ions decreased slightly but that of sodium increased. Similar results were observed in several other experiments. After seven days in fresh water the fish regained its activity and experimental results on this fish are shown in the upper part of Fig. 5 . Sensitivities to potassium and sodium were improved in a parallel manner, showing that the sensitivity to potassium was high in both salt and fresh water while that to sodium was low in salt water and high in fresh water. Such changes in the receptor sensitivity may probably be one of several physiological adjustments that occur in the euryhaline fish upon the environmental change between salt and fresh water. The catfish (Ictalurus punctatus) showed unexpectedly large differences in its responses to chemicals other than monovalent cationic solutions. Its skin receptors showed responses not only to various monovalent cations but also to other types of substances. For example, in other fishes calcium ions had a suppressive influence on the monovalent cation effect (Fig. 3) . But an excitatory effect by calcium ions was observed in some fibers of the lateral-line nerve of the catfish. Other divalent cations like Sr++ and Mg++ also produced excitatory effects on the same end organ, but to a lesser degree than the calcium ions (Fig. 6) . Monovalent cations like K+, Na+, and NH4+ also produced excitatory effects on the above fibers, but the effects were weaker than those of the divalent cations (Fig. 7) . The effect of tetrodotoxin on the receptor sensitivity was tested but no sign of suppression was observed by tetrodotoxin on the excitatory calcium effect. In previous experiments it was shown that tetrodotoxin depressed the membrane permeability to monovalent cations (KATSUKI et al., 1970) . The catfish (Ictalurus).
In addition, in the catfish there were nerve fibers that yielded a marked and specific response to NH4Cl solution (Fig. 8) but did not respond to KCl, NaCl, RbCl or tetraethylammonium chloride solutions. The end organ for these fibers may respond selectively to ammonium salts, recalling the work of TATEDA (1964) which reported high sensitivity of the barbel receptor to ammonium salts.
There was observed another kind of fibers, which produced a high response to sodium glutamate as well as that to various monoor divalent cations, as shown in Fig. 9 . This unusual response to sodium glutamate may be compared with that to sodium chloride in Fig. 10 Other fibers carried a response to a bitter substance such as quinine hydrochloride, but no response to other metallic ions (Fig. 11) . According to the experiments described above, it appears that most fishes, except the catfish, have receptors on the flank skin which send environmental information, such as the existence of monovalent cations, through the lateral-line nerve or the accessory lateral-line nerves. The catfish, on the other hand, has other receptors like taste buds, the terminal buds, comparable to those for gustatory sensation in higher animals, e.g., receptors for both monovalent and divalent cations together with those that are specifically sensitive to ammonium, glutamate or quinine (KUSANO, 1960) . 
Right:
The response to 0.069M sodium chloride of the same receptor. Left:
The response to 0.03M sodium glutamate. The concentration of Na+ in the glutamate solution was less than half of that of the sodium chloride solution, but it produced a larger response. The catfish (Ictalurus).
HISTOLOGY OF THE LATERAL-LINE ORGANS
The structure of the receptors in the skin of fishes has been frequently studied and numerous reports were found in the older literature. HERRICK (1903a, b) presented an extensive review and emphasized a distinction between function of the free neuromast and of the terminal bud as well as the different innervation 111 of these two types of receptors. He reported that the neuromast was innervated by the lateral-line nerve, a branch of the vagus, while the terminal buds of the skin were innervated by the communis nerve, a branch of the facial. Recordings of electrical responses in the present report were mostly made from the lateral-line nerve, but some were also made from the dorsal or ventral branch of the accessory lateral-line nerve. The central branch of the accessory lateral-line nerve ran together with the lateral-line nerve, and separation of the fibers of the two nerves was impossible. The determination of the end organs involved therefore required some supplementary methods, i.e., light touch, rinsing with a salt solution, or stimulation with an electric current. Repeated experiments confirmed that the canal neuromasts did not respond to ionic solutions including monovalent cations. Therefore, if a receptor is innervated by a lateral-line nerve fiber that carries a response to a chemical solution, it may be considered a free neuromast or a pit organ.
In an extensive investigation of the anatomical patterns of the ramus lateralis accessorius, FREIHOFER (1963) concluded that this nerve innervated the terminal buds on the body surface, but pointed out that no modern neurophysiological methods had yet been applied. Therefore, the present report may be the first such investigation of this nerve in teleosts.
The lateral-line organs of the mullet are not inclosed in a canal as in other fish, but exist as separate free neuromasts in the groove of individual scales arranged in twelve or thirteen rows along the flank. Each scale of these rows that bears a neruromast, has a deep groove centrally along the body and at the base of the groove there is a small opening through which fibers from the lateral-line nerve pass to the neuromast located in the groove (Fig. 12) . The body integument was studied in both the juvenile fish, 2-3cm in length, and in the adult. The very young fish showed a number of small, free neuromasts with hairlike processes. These first appeared anteriorly along the body but at this stage neuromasts had not been sunken into scale grooves (IWAI, 1967) . In the adult, the neuromast was large and had hairlike processes but no cupular material had been formed. Several free neuromasts existed at the level of the pectral fin or a little anteriorly. No other receptor organs were observed in histological sections or in total mounts of the flank integument. Experimental results obtained from electrophysiological studies showed that all responses to monovalent cations were almost similar. which were recorded from single fibers of the lateral-line nerve. Therefore, from both the histological and electrophysiological studies, we concluded that all responses carried by the lateral-line nerve in the mullet were from neuromasts and not from any terminal buds or taste buds on the body surface.
In contrast to the mullet, the situation in the catfish is quite different. The flank skin here has two kinds of pit organs, large and small, and also numerous terminal buds over virtually the entire body surface. The terminal buds are innervated by branches of rami from the ramus lateralis accessorius (VII) (HERRICK, 
DISCUSSION
The monovalent cations were found to be remarkably effective as stimuli for the receptors innervated by nerve fibers of the ramus lateralis vagi (X) and the ramus lateralis accessorius (VII) of the mullet and the carp, but not so for those of the catfish. The sensitivity of the receptor was also different between fresh water and marine fishes. The latter are in a medium containing an abundance of various salts; particularly abundant are the sodium ions, so that the receptor is not so sensitive to sodium as compared with other ions. This is shown in the case of the mullet and the shark (KATSUKI and HASGIMOTO, 1969; KASTUKI et al., 1970) . This may be due to adaptation of the cell membrane to the abundance of sodium ions. If so, the mullet that moves into fresh water from the sea should show a change in the salt sensitivity in response to the variation in the ionic environment: the present experiments with the mullet demonstrated a slow improvement of sensitivity of the end organ (receptor) to sodium ions until it almost reached the level of sensitivity to potassium. During this change a large amount of mucus was secreted and the body surface was covered with a thick coating of mucus which might function to protect the skin from sudden severe changes of the external environment until adjustment and recovery occurred as described in Fig. 5 . Other internal systems, such as the osmoregulatory system might also be seriously affected. Further studies on this subject are in progress.
The situation in fresh water fish was quite different from that in marine fish since the contents of various salts in the environment were quite low, except in special accidental situations. KONISHI and ZOTTERMAN (1961) , after working on the gustatory responses of the palatal organ in the carp, reported that 12 fibers showed a response to only NaCl solution in the 114 fibers studied, while responses to various salts and chemicals were recorded from other fibers. They did not study the nature of the fibers systematically, but it was quite clear that many fibers carried responses to various chemical solutions. The responses of the palatal organ contrasted with those of the lateral-line organs on the body surface which responded only to monovalent cations and not to other ions. Konishi and his associates (KONISHI et al., 1966a, b; KONISHI, 1967a; KONISHI and HIDAKA, 1967b; KONISHI and HIDAKA, 1969 ) also reported responses of the palatal organ to extremely dilute solutions of monovalent cations: the maximum responses were obtained from Na, K, Li and ammonium salts in 1/1024m-1/512m solutions. Increase in concentration decreased the responses. Salts with polyvalent cations and organic electrolytes did not elicit a response in this type of fibers at any concentrations, and a strong depression in the response was caused by the addition of divalent cations to the solution. The receptors responding specifically to dilute solutions of monovalent cations were distinguished from those responding well to the same cation in the greater concentration range. The magnitude of the resonse to the dilute solutions of salts depended on the valency of the anions; the larger was the valence, the greater the response to the same molar concentration of the salt solution was. The maximum responses were obtained from the following concentrations of various salt solutions: 1/4096m for Na4Fe (CN)6, 1/2048m for Na2SO4 and 1/1024m to 1/768m for NaCl. These results suggest that the anionic effect should be considered (KONISHI, 1966b; KONISHI, 1967a) . But these concentrations may be considered to have an identical cation concentration with 1/1024 equivalent because each concentration is so incredibly dilute that the ionic dissociation may be almost complete. This may also suggest that the responses are caused by the cation in the applied solutions.
Onoda, one of our coworkers, observed a similar effect on the lateral-line organ of the carp of potassium in 1/1000M solution, a solution too dilute to evoke a salty taste in man. The fiber responsive to dilute potassium solution did not carry a response to more concentrated solutions, and this might indicate an ability of the fish for discrimination of a very small change in salt contents in the environment. The information sent along the fibers carrying responses of such chemical stimuli may be used in the animal for the selection of more suitable environmental conditions. In this sense the lateral-line organ may also act as a kind of primitive chemoreceptor. KUSANO (1960) found a similar gustatory fibers in the frog to those described above, but the threshold of these units for salts was much higher than those of the lateral-line receptors.
In contrast to the carp and mullet, the catfish has several chemical receptors. The terminal buds, which resemble the taste buds of the oral cavity, were abundantly found in histological sections in addition to large and small pit organs (HERRICK, 1901; HERRICK, 1903a; MULLINGER, 1964; WACHTEL and SZAMIER, 1969) . Responses to chemical stimulation of receptors innervated by lateral-line nerves were also found to be much more complicated than those of other fishes and may be due to the activity of the terminal buds. Terminal buds are distributed on the body of other fishes, but their number is not great when compared with that in the catfish.
The common eel, Anguilla japonica, is said to have a keen sense of smell. Some years ago KATSUKI et al. (1951) tried unsuccessfully to record responses to salt solutions transmitted along fibers of the lateral-line nerve in this fish. Recently similar experiments were repeated, but a few fibers of the accessory lateralline nerve, the end organs of which were found to be located on the fin, showed responses to chemical stimuli.
Such experimental results indicate that the number of chemical receptors on the flank varies among fishes and these differences may be correlated with the difference in the environment in which the fish lives, fresh, brackish, or salt water. The present study is not concerned with the receptors on the head. Although further studies are needed, the chemical sensation from the skin of fish is certainly related to the behavior of the fish in different environments, and this may be an important factor in fish ecology.
